Introduction {#s0001}
============

Hospital infections caused by Carbapenem-resistant *Klebsiella pneumoniae* (CRKp) are increasingly prevalent all over the world, which is associated with high morbidity and mortality.[@cit0001] Carbapenem antibiotics are the last line of defense in the treatment of CRKp infection with few other choices of effective drugs.[@cit0002] The World Health Organization (WHO) listed CRKp in the critical priority tier, which needs research and development of novel antibiotics urgently.[@cit0003]

Aminoglycosides have been brought to the frontline of therapy for drug-resistant CRE because currently there are very few susceptible antimicrobials available.[@cit0004] However, the altered pharmacokinetics and increasing drug resistance of aminoglycosides will make it hardly effective if used in monotherapy. One resolution is development of new generation aminoglycosides, such as plazomicin recently approved by US FDA for infections caused by carbapenem-resistant CRE.[@cit0005] Another effective approach will be the discovery of reagents that can counteract the drug-resistant mechanisms and lower the dosage of aminoglycosides. Recent studies revealed that regulation of proton-motive force (PMF) to facilitate aminoglycoside uptake is an effective way to potentiate their antibacterial efficacy. It was first reported that specific metabolic stimuli including glucose, fructose, mannitol, or pyruvate can greatly potentiate aminoglycoside killing of both Gram-negative and Gram-positive persisters with multidrug resistance.[@cit0006] Such potentiation is aminoglycoside-specific and relies on generation of PMF to facilitate aminoglycoside uptake. Later on, it was found that exogenous alanine and glucose can restore the susceptibility of multidrug-resistant bacteria to aminoglycosides by increasing PMF and stimulating aminoglycoside uptake.[@cit0007] More recently, Deng et al[@cit0008] reported that exogenous L-lysine sensitizes Gram-negative and Gram-positive bacterium to aminoglycosides and the combination of L-lysine with aminoglycosides killed clinically isolated multidrug-resistant *Acinetobacter baumannii* and persister cells via regulation of proton motive force and antibiotics uptake. Herbal drugs and phytochemicals also exhibited resistance modification when used in combination with antibiotics through different strategies such as inhibition of modifying and drug degrading enzymes or efflux pumps.[@cit0009] However, their effect to enhance aminoglycosides uptake in CRE was not described. In the present study, by screening a 280 Chinese herbal compounds collection using a CRKp with induced gentamicin resistance as model, we identified plumbagin as a potent potentiator of gentamicin via stimulating PMF and antibiotics uptake.

Materials and Methods {#s0002}
=====================

Antibiotics, Compounds, and Reagents {#s0002-s2001}
------------------------------------

Gentamicin and kanamycin (Solarbio, Beijing, China) were prepared in sterilized Milli-Q water (Millipore, Milford, MA, USA). Plumbagin (Yuanye, Shanghai, China) was dissolved in DMSO (Sigma Aldrich, St Louis, MO, USA). The stock solutions were freshly prepared, ﬁltered, and used at indicated concentrations.

Bacterial Strains and Culture Conditions {#s0002-s2002}
----------------------------------------

The antibiotics-susceptible strain of *Klebsiella pneumoniae* CCTCC AB 2010163 was obtained from China Center for Type Culture Collection (CCTCC), Wuhan, China. The CRKp strain ATCC BAA-1705 was purchased from the American Type Culture Collection (ATCC), Manassas, USA. They were grown in Luria-Bertani (LB) broth containing 10 g/L tryptone (AOBOX, Beijing, China), 5 g/L yeast extract (AOBOX, Beijing, China), and 10 g/L NaCl (Solarbio, Beijing, China). To obtain gentamicin-resistant CRKp, the ATCC BAA-1705 strain was selected by sequential propagations in LB broth with gentamicin until MIC \>16 μg/mL. The susceptibility to gentamicin and imipenem was evaluated by agar dilution method as described previously.[@cit0010] The strain was stored at −80°C and incubated in LB broth in the shaker incubator at 37°C until OD~600nm~ reaches the desired value for experimental use.

Screening of Herbal Compounds {#s0002-s2003}
-----------------------------

A collection of 280 Chinese herbal compounds including 23 flavones, 30 alkaloids, eight quinones, 41 glycosides, 26 terpenoids, five carbohydrates, seven coumarins, and 140 other compounds (Yuanye, Shanghai, China) was screened against the gentamicin-resistant CRKp. Synergistic effect of the herbal compounds with gentamicin was determined by broth microdilution method in the 96-well microtiter plates referring to M07-A9 document of CLSI guidelines. The final concentrations of herbal compounds and gentamicin were 50 μM and 4 μg/mL, respectively. The 96-well microtiter plates were cultured in the incubator (Thermo Fisher Scientific, Waltham, USA) at 37°C for 24 hours and then OD~600nm~ was measured by microplate reader (PerkinElmer, USA).

Synergistic Effect of Plumbagin with Gentamicin {#s0002-s2004}
-----------------------------------------------

The synergistic effect of plumbagin (0, 25, 50, and 100 μM) with gentamicin (2 μg/mL and 4 μg/mL for ATCC BAA-1705, 0.2 μg/mL and 0.4 μg/mL for CCTCC AB 2010163) was determined by broth microdilution method as described above. The growth dynamic of bacteria was measured by the following methods. Four groups; the control group, plumbagin (100 μM) monotherapy, gentamicin (16 μg/mL) monotherapy, and combination therapy, were established with the initial OD~600nm~ of 0.2--0.3 and shaken at 37°C after treatment. OD~600nm~ value was measured every 20 minutes for 6 hours.

Measurement of Intracellular Gentamicin C-Complex {#s0002-s2005}
-------------------------------------------------

The concentrations of intracellular gentamicin C-complex were analyzed by LC-MS/MS as described previously.[@cit0011] The monotherapy group (gentamicin 16 μg/mL) and combination group (plumbagin 100 μM and gentamicin 16 μg/mL) were established with the initial OD~600nm~ of 0.5--0.6 and shaken for 2 hours at 37°C. Samples were collected and washed three times with 0.9% NaCl (4°C) to remove medium components. Bacterial cells were normalized to OD~600nm~ of 0.90±0.02 and centrifuged at 4000 g at 4°C for 15 minutes. The pellets were subject to freeze--thaw cycles and ultrasonication to release gentamicin. After centrifugation, 450 μL supernatant was collected and mixed with 50 μL kanamycin (10 μg/mL) as an internal standard. The gentamicin C-complex was extracted as described previously followed by a clean-up step by solid phase extraction (SPE) using Oasis HLB extraction cartridges (Waters, Milford, MA, USA).[@cit0012] The elutes were dried by rotary evaporation and redissolved in 100 μL solution of 0.1% formic acid:acetonitrile (1:1, v/v).

The measurements of gentamicin C-complex were performed on an ultimate 3000 UHPLC system (Thermo Fisher, San Jose, CA, USA) coupled with a BEH amide column (100 mm x 2.1 mm, 1.7 μm, Waters, Milford, MA, USA) maintained at 40°C. The mobile phase consisted of 95% 2 mM aqueous ammonium acetate, 5% acetonitrile, and 0.2% formic acid (Solvent A) and 95% acetonitrile, 5% 2 mM aqueous ammonium acetate and 0.2% formic acid (Solvent B) and the flow rate of 0.3 mL/min. The gradient elution program is shown in [Table 1](#t0001){ref-type="table"} and the injection volume was 3 μL. Mass spectrometry detection was operated on a TSQ Vantage triple-stage quadrupole mass spectrometer equipped with an electrospray ionization (ESI) source while the quantification of the gentamicin C-complex and internal standard was performed using a selective reaction monitor (SRM) in the positive ionization mode ([Table 2](#t0002){ref-type="table"}). Spray voltage, sheath gas pressure, auxiliary gas pressure, vaporizer temperature, and capillary temperature were set as 3.5 kV, 45 arb, 25 arb, 450°C, and 350°C, respectively.Table 1Gradient Elution Program of Mobile PhaseTime (minutes)Mobile Phase B0--190%1--1.590%→40%1.5--740%7--840%→90%8--1090% Table 2The Analytical Conditions for the LC-MS/MS Analysis of Gentamicin C1, C1a, C2, and KanamycinSamplesm/zCollision Energy (V)S-LensC1478.282→15724130C1a450.271→160.12087C2464.260→1602087Kanamycin484.840→16330130

Measurement of Membrane Potential {#s0002-s2006}
---------------------------------

Membrane potential of control and plumbagin-treated bacterial samples was measured using *Bac*Light^TM^ Bacterial Membrane Potential Kit (Life Technologies, USA) according to manufacturer's instruction.

Preparation of Intracellular Metabolites Extracts {#s0002-s2007}
-------------------------------------------------

Intracellular metabolites of CRKp were extracted according to previously reported methods with modifications.[@cit0013] Bacterial cell pellets were harvested and resuspended in 600 μL extraction solvent (methanol/water, 9:1, v/v, −80°C) containing 1,2--^13^C myristic acid. The samples were frozen in liquid nitrogen for three freeze--thaw cycles and disrupted using an ultrasonic cell crusher for 10 minutes to lyse cells and release cellular metabolites. After centrifugation at 8000 g for 10 minutes at 4°C, 450 μL of supernatant was collected for derivatization process and metabolomics analysis described previously.[@cit0014] Aliquots of 50 μL from each sample were pooled and mixed to form the quality control (QC) sample. The QC samples were injected at intervals of six study samples in order to assess system suitability and system stability.

Data Processing for Metabolomics {#s0002-s2008}
--------------------------------

Raw data files obtained from GC-MS were converted to ABF format using Abf Converter and then imported into MS-DIAL (v.2.7.2) software for peak detection, identification, and alignment. Detected peaks were matched with FiehnLib database according to RI and fragments,[@cit0015] while the similarity of fragments above 80% were confirmed using National Institute of Standards and Technology (NIST). The alignment results of peak height intensity were normalized by sum and then exported into MetaboAnalyst 4.0 ([<http://www.metaboanalyst.ca/>]{.ul}) for multivariate analysis, such as principal component analysis (PCA), orthogonal partial least squares discriminant analysis (OPLS-DA), and heatmap analysis. Moreover, statistical analysis was also performed using Mann--Whitney test for identifying biomarker candidates.

Measurement of NADH {#s0002-s2009}
-------------------

Bacteria culture was diluted to OD~600nm~ of 0.5--0.6 and incubated with plumbagin (100 μM) at 37°C for 2 hours. Then cells were washed three times with 0.9% NaCl by centrifugation at 4000 g for 15 minutes at 4°C. Bacterial cells were normalized to OD~600nm~ of 0.90±0.02 and centrifuged at 4000 g at 4°C for 15 minutes. Cellular NADH concentrations were detected via EnzyChrom NAD/NADH assay kit (BioAssay Systems) according to manufacturer's instruction.

Statistical Analysis {#s0002-s2010}
--------------------

FlowJo V10 was used for processing flow cytometric data. GraphPad Prism 7.0 software was used for statistical analysis. Student's *t*-test was performed for determination of differences between groups and statistical significance was considered at *P*\<0.05.

Results {#s0003}
=======

Plumbagin Potentiates Antibacterial Activity of Gentamicin Against CRKp {#s0003-s2001}
-----------------------------------------------------------------------

ATCC BAA-1705 is resistant to imipenem ([Figure 1A](#f0001){ref-type="fig"}, right), but susceptible to gentamicin ([Figure 1B](#f0001){ref-type="fig"}, left). To obtain gentamicin-resistant CRKp, we established a gentamicin-resistant CRKp strain by incremental induction of ATCC BAA-1705 until it could resist \>16 μg/mL gentamicin ([Figure 1B](#f0001){ref-type="fig"}, right). By screening a 280 Chinese herbal compounds collection, a naphthoquinone compound plumbagin was identified to remarkably potentiate the antibacterial activity of gentamicin against the gentamicin-resistant CRKp ([Figure 1C](#f0001){ref-type="fig"}). Plumbagin at 100 μM could bring the MIC of gentamicin from \>16 μg/mL to \~4 μg/mL despite its minimal inhibitory effect on CRKp in monotherapy ([Figure 1D](#f0001){ref-type="fig"}). A similar potentiating effect was observed in antibiotics-susceptible strain of *Klebsiella pneumoniae* CCTCC AB 201016 ([Figure 1E](#f0001){ref-type="fig"}). [Figure 1F](#f0001){ref-type="fig"} shows the time course of anti-CRKp activities by monotherapy or a combination of plumbagin and gentamicin.Figure 1Plumbagin potentiates antibacterial activity of gentamicin against CRKp. (**A**) Susceptibility test to imipenem of antibiotics-susceptible strain of *Klebsiella pneumoniae* CCTCC AB 2010163 (left) and CRKp strain ATCC BAA-1705 (right) on LB agar plates. (**B**) Susceptibility test to gentamicin of ATCC BAA-1705 (left) and its induced gentamicin-resistant strain (right) on LB agar plates. (**C**) Heatmap profile of synergistic effect of herbal compounds with gentamicin. Red, no synergistic effect; green, low synergistic effect; and purplish red, high synergistic effect. (**D**) The inhibition of combination treatments against the CRKp. (**E**) The inhibition of combination treatments against antibiotics-susceptible strain of *Klebsiella pneumoniae*. (**F**) Growth curves of CRKp with different treatments. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, and \*\*\*\**P*\<0.0001 compared with gentamicin monotherapy.

Plumbagin Enhances PMF and Promotes Gentamicin Uptake by CRKp {#s0003-s2002}
-------------------------------------------------------------

A LC-MS/MS based analysis was employed to access the effect of plumbagin on gentamicin uptake by the CRKp. The elution times of gentamicin C1, C1a, C2, and kanamycin were at 5.58, 5.71, 5.66, and 5.71 minutes, respectively ([Figure 2A](#f0002){ref-type="fig"}). Quantification of intracellular gentamicin C-complex C1, C1a, and C2 indicated more uptake of all three forms by CRKp treated by combination therapy ([Figure 2B](#f0002){ref-type="fig"}). To determine if the increased gentamicin uptake is related to PMF, we measured the membrane potential in plumbagin-treated CRKp using a *Bac*Light^TM^ Bacterial Membrane Potential Kit. The *Bac*Light^TM^ Bacterial Membrane Potential Kit provides solution of the carbocyanine DiOC~2~(3). DiOC~2~(3) exhibits green fluorescence in all bacterial cells, but the fluorescence shifts toward red emission as the dye molecules self-associate at the higher cytosolic concentrations caused by larger membrane potentials. The red-versus-green fluorescence dot plot showed CRKp incubated in the presence or absence of plumbagin ([Figure 2C](#f0002){ref-type="fig"}), which was quantified in [Figure 2D](#f0002){ref-type="fig"}. Plumbagin induced a significant increase of membrane potential in CRKp.Figure 2Effects of plumbagin on gentamicin uptake and membrane potential of CRKp. (**A**) LC-MS/MS chromatograms for gentamicin C-complex and internal standard kanamycin in CRKp. (**B**) Relative amount of intracellular gentamicin isoforms of gentamicin monotherapy (gentamicin 16 μg/mL) and combination therapy (plumbagin 100 μM and gentamicin 16 μg/mL). (**C**) Analysis of membrane potential using red and green fluorescence parameters. Blue, untreated control group. Red, plumbagin-treated group. (**D**) Quantification of membrane potential. Red/green ratios were calculated using population mean intensities of the CRKp incubated in the presence or absence of plumbagin. Results are displayed as mean±SEM. \**P*\<0.05, \*\**P*\<0.01.

Plumbagin Increased TCA Efflux and NADH Production {#s0003-s2003}
--------------------------------------------------

To further characterize the mechanism of plumbagin-induced PMF increase in CRKp, we utilized a GC-MS based metabolomics approach to determine the changes of TCA efflux. The typical ion chromatogram (TIC) of intracellular metabolites is shown in [Figure 3A](#f0003){ref-type="fig"}. Principle component analysis (PCA) score plots and heatmap ([Figure 3B](#f0003){ref-type="fig"} and [C](#f0003){ref-type="fig"}) revealed global metabolic changes in CRKp after plumbagin treatment. According to Mann--Whitney test, significant metabolites were selected based on *P*\<0.05 and FC≧1.2. We observed that the abundance of malate and α-ketoglutarate in the TCA cycle were increased significantly upon plumbagin treatment ([Figure 3D](#f0003){ref-type="fig"} and [E](#f0003){ref-type="fig"}). Intracellular NADH concentration in plumbagin-treated CRKp was also significantly increased higher than untreated control ([Figure 3F](#f0003){ref-type="fig"}).Figure 3Effects of plumbagin on TCA efflux and NADH production. (**A**) TIC of intracellular metabolites in CRKp. (**B**) PCA score plots of intracellular metabolites in the CRKp with or without plumbagin treatment. Red, untreated control; green, plumbagin treated. (**C**) Clustered heatmap profiles of the relative abundance for significantly affected metabolites in CRKp treated with plumbagin. The colors indicate the relative abundance of significantly affected metabolites after plumbagin treatment. Blue, significantly decreased; red, significantly increased. Significant metabolites were selected based on *P*\<0.05 and FC≧1.2 (one-way ANOVA). (**D**) Relative intensity of malate in CRKp. (**E**) Relative intensity of α-ketoglutarate in CRKp. (**F**) Measurement of intracellular NADH concentration. Results are displayed as mean±SEM. \*\**P*\<0.01, \*\*\**P*\<0.001.

Discussion {#s0004}
==========

The rapid worldwide spread of carbapenem-resistant Enterobacteriaceae (CRE), such as CRKp, has become a substantial public health problem with few therapeutic options remaining.[@cit0016] Although aminoglycosides (mostly gentamicin) are historically susceptible antibiotics for CRE, they are not commonly used as monotherapy for severe infections due to the lower clinical efficacy, potential toxicity, and extensive drug resistance.[@cit0004] Synergistic interaction of natural products, such as herbal drugs and phytochemicals, with antibiotics is an effective tool to counter multidrug resistance and to lower the dosages.[@cit0009] In the present study, we first established a gentamicin-resistant strain of CRKp by incremental induction of the gentamicin-susceptible strain ATCC BAA-1705. Using this strain, we screened a collection of 280 Chinese herbal compounds co-administered with gentamicin and identified a bicyclic naphthoquinone compound plumbagin \[5-hydroxy-2-methyl-1,4-naphthoquinone\] that effectively reversed its resistance to gentamicin. Plumbagin was recently reported to have relatively potent antibacterial activity (MIC range of 4--8 μg/mL or 21.26 μM-42.52 μM) against methicillin-resistant *Staphylococcus aureus* (MRSA), which was not impacted by multi-drug resistance.[@cit0017] At much higher concentration (\>30 μg/mL) plumbagin can potentiate the antibiofilm effect of gentamicin against *Pseudomonas aeruginosa* although its direct antibacterial activity is very low (MIC\~400 μg/mL).[@cit0018]

We found that at 100 μM concentration that has a minimal inhibitory effect on the gentamicin-resistant CRKp, plumbagin could bring the MIC of gentamicin from \>16 μg/mL to \~4 μg/mL. Because plumbagin also exhibited a remarkable synergistic effect with gentamicin in an antibiotics-susceptible standard strain of *Klebsiella pneumoniae* CCTCC AB 201016, its potentiating activity is unlikely due to interference of particular drug resistance mechanisms such as enzymatic degradation of drugs, inactivation of drug targets, and drug efflux pump-induced multidrug resistance that only exists in CRKp. Aminoglycosides uptake driven by the bacterial PMF is a mechanism affecting their bactericidal activity in both drug-resistant and drug-susceptible bacteria.[@cit0008],[@cit0019] To test the hypothesis that plumbagin regulates PMF and gentamicin uptake, we analyzed the intracellular concentrations of gentamicin isoforms by LC-MS/MS. Interestingly, we found that plumbagin indeed significantly promoted the uptake of gentamicin C-complex C1, C1a, and C2 by the CRKp. Consistently, plumbagin also induced a significant increase of PMF as indicated by higher membrane potential in the CRKp. Therefore, we identified a novel mechanism of plumbagin to potentiate the antibacterial activity of gentamicin against *Klebsiella pneumoniae.*

The electrical potential across bacterial membrane (ΔΨ) driven by TCA cycle control is responsible for generation of PMF by promoting NADH production, which facilitates the uptake of aminoglycosides.[@cit0019] To further determine whether plumbagin induced an increase of the PMF is associated with TCA cycle, we performed metabolomics analysis of the plumbagin-treated CRKp and found that the abundance of malate and α-ketoglutarate in the TCA cycle increased significantly. Intracellular NADH concentration in plumbagin-treated CRKp was also significantly higher than in untreated control CRKp, suggesting increased NADH production from malate and α-ketoglutarate in the TCA cycle. Based on these results, a proposed model for a possible mechanism of the plumbagin synergy with gentamicin against CRKp is summarized in [Figure 4](#f0004){ref-type="fig"}. However, we cannot rule out other possible mechanisms of the synergistic anti-CRKp effect because the plumbagin-induced increase of gentamicin uptake is not dramatic. Future studies are warranted to figure out new mechanisms and to determine if plumbagin has synergistic effects with aminoglycosides on other multidrug resistant gram-negative and gram-positive bacterial pathogens via similar mechanisms.Figure 4Proposed model for antibacterial mechanism of plumbagin. Plumbagin increased NADH production from malate and α-ketoglutarate in the TCA cycle, thereby increasing PMF and stimulating bacterial uptake of gentamicin to potentiate its bactericidal effect.

Plumbagin is a plant naphthoquinone compound with various important pharmaceutical activities including anticancer, antibacterial, antifungal, neuroprotective, and hypolipidemic activities.[@cit0020] It possesses high therapeutic efficacy and minimal side-effects and therefore shows potential for treatments of various diseases.[@cit0021] Due to the increasing worldwide commercial demand, biotechnological approaches for large scale production of plumbagin and its controlled drug release or drug delivery systems are under development.[@cit0022],[@cit0023] Therefore, we have reason to expect that plumbagin has great potential in development of combination therapy with aminoglycosides antibiotics for severe infections caused by CRKp.
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